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During a subtraction study on gene expression in human kidney mesangial cells (HMCs), cDNA clones with sequence homology to
paramyxovirus P, M and F genes were isolated. Subsequent investigation revealed that this particular HMC line was infected with a previously
unknown paramyxovirus. Here, we report the isolation and genome characterization of this new virus, now named Beilong virus (BeV). The
genome of BeV is 19,212 nucleotides (nt) in length and is the largest among all known members of the order Mononegavirales. The BeV genome
contains eight genes in the order 3V-N-P/V/C-M-F-SH-TM-G-L-5V. The SH and TM genes code for a small hydrophobic protein of 76 aa and a
transmembrane protein of 254 aa, respectively. The BeV G gene, at 4527 nt, codes for an attachment protein of 734 aa and contains two additional
open reading frames (ORFs) in the 3V half of the gene, coding for putative proteins of 299 and 394 aa in length. Although the exact origin of BeV
is presently unknown, we provide evidence indicating that BeV was present in a rat mesangial cell line used in the same laboratory prior to the
acquisition of the HMC line, suggesting a potential rodent origin for BeV.
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Many members of the family Paramyxoviridae such as
Measles virus (MeV), Mumps virus (MuV), respiratory
syncytial virus (RSV), human parainfluenza virus (hPIV),
Rinderpest virus (RPV) and Newcastle disease virus (NDV)
are well known human and animal pathogens. Paramyxoviruses
are pleomorphic enveloped viruses possessing a non-segmented
negative-strand RNA genome (Lamb and Kolakofsky, 2001).
They are divided into two subfamilies, Paramyxovirinae and
Pneumovirinae. Viruses within the subfamily Paramyxovirinae
have recently been classified into five genera: Respirovirus,
Morbillivirus, Rubulavirus, Avulavirus and Henipavirus (Mayo,
2002).
During the last decade, discovery of several new viruses
together with molecular characterization of previously isolated0042-6822/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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genetic diversity within the subfamily Paramyxovirinae than
previously recognized (Wang et al., 2003). Despite the creation
of two new genera, Henipavirus and Avulavirus, to accommo-
date this increased diversity, several of the recently isolated or
characterized viruses remain unclassified beyond subfamily
level (Mayo, 2002; Wang and Eaton, 2001). They include Fer-
de-lance virus (FDLV) isolated from the lung of a Fer-de-lance
viper that died during an outbreak of disease in a Swiss snake
farm in 1972 (Kurath et al., 2004), Tupaia paramyxovirus
(TPMV) isolated from the kidneys of an apparently healthy tree
shrew of the species Tupaia belangeri captured in Thailand
during the late 1970s (Tidona et al., 1999) and Salem virus
(SalV) isolated from equine mononuclear cells (Renshaw et al.,
2000).
At least three paramyxoviruses have been isolated from
rodents since the early 1960s. Nariva virus (NaV) was isolated
on four occasions from the pooled organs of a forest rodent
species trapped in Eastern Trinidad during 1962 and 1963
(Tikasingh et al., 1966). Mossman virus (MoV) was isolated on6) 219 – 228
www.e
Fig. 1. Western blot analysis of total cell lysates. Lane 1: uninfected Vero cells
lanes 2 and 3: first and second passages of BeV in Vero cells; lane 4: HMC
positive control. The positions of P and V proteins are indicated by the arrows
Molecular standards: BenchMark pre-stained protein ladder from Invitrogen
(Melbourne, Australia).
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native rats trapped in Queensland, Australia (Campbell et al.,
1977). J-virus (J-V) was isolated by kidney autoculture on four
occasions from moribund Mus musculus trapped in 1972 in
northern Queensland, Australia (Jun, 1976; Jun et al., 1977).
The complete genome sequences of MoV and J-V have
recently been characterized in our group (Miller, 2004; Miller
et al., 2003; Jack et al., 2005). These two viruses, together with
TPMV and SalV, are situated evolutionally between the genera
Morbillivirus and Henipavirus and cannot be classified into any
of the existing genera. The genome of J-V, at 18,954 nt in
length, has a unique genome structure composed of eight genes
in the order 3V-N-P/V/C-M-F-SH-TM-G-L-5V (Jack et al.,
2005).
During a routine search for sequences related to the J-V
genes using BLASTx at the NCBI server, we discovered that
two putative novel human cDNAs, named Angrem 104
(database accession number AF367870) and Angrem 52
(AY040225), displayed highly significant matches with the J-
V P, M and F genes (Miller, 2004; Jack et al., 2005). These two
cDNAs had been isolated by a subtractive hybridization
experiment performed to screen and identify genes upregulated
by Angiotensin II in cultured human mesangial cells (Liang et
al., 2003). The close relationship of these Angrem cDNA
sequences with paramyxovirus genes has also been reported by
two other groups (Schomacker et al., 2004; Basler et al., 2005).
Here, we report the isolation and genome characterization of
a new paramyxovirus isolated from the human mesangial cell
line from which the cDNA sequences Angrem 104 and
Angrem 52 were originally isolated. The virus was named
Beilong virus (BeV) to mark the collaborative research effort
between the Beijing and Geelong groups that led to the
discovery and isolation of BeV.
Results
Isolation and characterization of BeV
When Vero cells were inoculated with the filtered HMC
culture supernatant, syncytia formation was observed on the
third and subsequent serial passages. Expected PCR products
were obtained (data not shown) when cDNAs derived from
total RNA in the supernatant of Vero cells were analyzed using
primers designed from the published cDNA sequences of
Angrem 104 and 52 (Liang et al., 2003). Specific detection of P
and V protein bands in Western blot was obtained using a
rabbit serum raised against a recombinant protein fragment
encoded by the Angrem 104 cDNA (see Fig. 1 and description
of the P gene editing below). Examination of both HMC and
Vero cell cultures and the associated supernatants by electron
microscopy (EM) showed the presence of viruses whose
morphology and nucleocapsid structure were characteristic of
viruses within the order Mononegavirales, family Paramyx-
oviridae and subfamily Paramyxovirinae. Viruses observed by
negative contrast EM were pleomorphic, enveloped and
possessed surface projections (Fig. 2A). The herringbone-like
ribonucleoproteins (RNP) were approximately 18 nm in width;
.(Fig. 2B). Examination of ultrathin sections revealed the
presence of syncytia (data not shown) containing cytoplasmic
aggregations of RNPs and alignment of RNPs underlying the
plasma membrane (Fig. 2C). Taken together, these data
demonstrated the isolation of a novel paramyxovirus.
Genome characterization
After the isolation of BeV in Vero cells, the full-length
genome sequence was obtained using a combination of
strategies as described in Materials and methods. At 19,212
nt in length, the BeV genome is the largest in the family
Paramyxoviridae sequenced to date, 258 nt longer than the next
largest member, J-V (18,954 nt). In fact, the BeV genome is
also the largest among all known non-segmented negative-
stranded (NNS) RNA viruses, 61 nt longer than the 19,151-nt
genome of Marburg virus (GenBank accession number
AY358025).
The BeV genome is comprised of eight genes in the order
3V-N-P/V/C-M-F-SH-TM-G-L-5V (Fig. 3A), which is identical
to that found for J-V (Jack et al., 2005). A comparison of
genome features between BeV and J-V is presented in Table 1.
The increase in genome size for BeV is due to the presence of
new genes and open reading frames (ORF) which are absent in
most other paramyxoviruses. The two extra genes SH and TM,
located between the F and G genes, were named according to
the properties of the proteins they encode. TM represents
Ftransmembrane protein_ gene and refers to the predicted
transmembrane association of the encoded protein. J-V is the
only other member of the subfamily Paramyxovirinae to
contain this gene. BeV also has an unusually large attachment
protein gene (named G gene in accordance with J-V). At 4527
nt in length, the BeV G gene almost doubles the size of
attachment genes for most paramyxoviruses. The dramatic
increase in the size of the BeV G gene is due to the presence of
two additional extensive open reading frames, termed ORF-X1
and ORF-X2 (Fig. 3A).
The first and last 11–13 nt in the genomes of paramyx-
oviruses are complementary and highly conserved (Lamb and
Fig. 2. Representative transmission electron micrographs of the virus in
infected cells. Panels A and B illustrate a negatively stained virus (arrow) with
surface projections derived from the supernatant of HMC cells. A higher
magnification of the RNP is shown in panel B. (C) An image of an ultrathin
section derived from infected Vero cells showing RNP inclusion bodies (a) and
alignment of RNPs underlying the linear regions of the plasma membrane
(RNP). Magnifications are indicated via defined bars for panels A and C.
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is strong between members of the same genus, and conse-
quently this feature has been used for classifying viruses
within the Paramyxovirinae. Complementarity between the 13-
nt BeV genome termini is imperfect, with differences at nt 5,
12 and 13 (Fig. 3B). Several paramyxoviruses have differ-
ences at one position, and J-V (nt 4, nt 12), MeV (nt 5, nt 12)
and MoV (nt 5, nt 7) have differences at two positions. Like
the 3V leader sequences of all Paramyxovirinae sequenced to
date, the BeV leader sequence is 55 nt in length (Fig. 3B). In
contrast, 5V trailer sequences within the subfamily vary from
20 to 590 nt. At 25 nt, the 5V trailer of BeV is identical in size
to that of mumps virus and similar to those of other
rubulaviruses (20–32 nt). BeV has a conserved trinucleotide
intergenic region (IGR) sequence, which is common to all
Paramyxovirinae members with the exception of rubulaviruses
and avulaviruses. The gene start, stop and IGR sequences of
BeV are shown in Table 2 along with the consensus gene start,
stop and IGR sequences of J-V, MoV, TPMV and the
henipavirus, morbillivirus and respirovirus genera. At 19,212nt in length, the BeV genome adheres to the Frule of six_
(Kolakofsky et al., 1998) and has the hexamer phase pattern
F2,3,4,3,3,4,4,4_, similar to that of J-V (2,3,4,3,4,1,4,4) (Jack
et al., 2005). If the phasing pattern of only the N, P, M, F, G
and L genes (2,3,4,3,4,4) is compared with other paramyx-
oviruses, it is identical to that of J-V and similar to those of the
henipaviruses (2,3,4,4,4,3) (Wang et al., 2000) and MoV
(2,2,4,4,4,4) (Miller et al., 2003).
The coding strategy of the P gene in paramyxoviruses varies
from genus to genus (Lamb and Kolakofsky, 2001; Wang et al.,
2003). For BeV, P gene coding is similar to that of the
henipaviruses, morbilliviruses and respiroviruses. The unedited
mRNA codes for the phosphoprotein, whereas edited mRNAs,
with the addition of one or two non-templated G residues at the
editing site, are predicted to encode the V or W protein,
respectively. An alternative open reading frame present in both
unedited and edited mRNA molecules encodes the putative C
protein. The editing site of the BeV P gene (TTAAAAAAG-
GCA) is identical to that of J-V and TPMV and highly
conserved with the henipavirus and morbillivirus editing sites.
Random sequencing of 15 cloned cDNA spanning the
P-editing sites, derived from two independent cDNA prepara-
tions using HMC mRNA, indicated that 9 of them contained
the same sequence as the genomic RNA, whereas 6 contained a
single G insertion (data not shown). This is consistent with the
Western blot analysis revealing two major protein bands
(P and V) in Fig. 1.
Comparison of BeV and J-V proteins encoded by genes similar
in all paramyxoviruses
Overall, most BeV genes are very similar in size and
location to those of J-V as shown in Table 1. For the N, P, M, F
and L genes, the encoded proteins for the two viruses are very
similar in size, and all of the important functional domains or
sequence motifs are highly conserved between the two viruses
with the following exceptions. The predicted cleavage site of
the BeV F protein, KLGNVK, is significantly different from
that of the J-V F protein, GVPGVR. Both are monobasic, and
neither conforms to the consensus motif for cleavage by furin,
R-X-K/R-R (Hosaka et al., 1991), conserved in the majority of
the Paramyxovirinae. The BeV F protein cleavage site is most
similar to that of HeV (LVGDVK). The BeV G protein is 25 aa
longer than the J-V G protein, which is derived from a 5-aa and
20-aa extension at the N- and C-terminus of the BeV G protein,
respectively. The BeV L protein is 2172 aa in size, which is 32
aa shorter than the J-V L protein. The variability is derived
from two regions: a 6-aa difference at the N-terminus and a 26-
aa difference in the variable region between domains II and III
of the six-domain structure common to all paramyxovirus L
proteins (Poch et al., 1990).
Unique features of BeV genes located between the F and L
genes of the genome
The genome segment between the F and L genes of BeV
displays significant divergence from those of other Paramyx-
Fig. 3. BeV genome organization. (A) Map of the BeV genome. The black line represents the 19,112-nt antigenome with vertical lines indicating the transcriptional
start and stop boundaries for all eight genes. Arrows indicate the position of ORFs coding for different proteins. The scale of the map is given at the bottom. (B)
Sequence alignment of the leader (given in the complementary sense) and trailer regions. Identical residues are indicated by *, and the first 13 nts are boxed. (C)
Sequence features of the junction region between the G and X1 ORFs. The stop codon (TAG) for ORF G and the putative start codon (ATG) for X1 are shown by the
downward and right-pointing arrows, respectively. (D) Sequence features of the junction region between the putative X1 and X2 ORFs. The stop codon (TAA) for
ORF X1 and the putative start codon (ATG) for X2 are shown by the downward and right-pointing arrows, respectively. There is a 31-nt overlap between the two
ORFs.
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and G, and their encoded proteins are as follows.
In the SH mRNA molecule (358-nt long), the first available
ATG codon, which is in an optimal Kozak context, is predicted
to initiate translation of a 76-aa SH protein. No significant
similarity of the SH protein to any sequenced protein was
identified on BLASTp search at the NCBI server. The BeV SH
protein has only 27% sequence identity to that of J-V. There
are, however, significant similarities in size and hydrophobicity
profiles between the BeV SH protein and the SH proteins of
mumps virus (MuV), J-V, bovine and human respiratory
syncytial viruses (data not shown). Within the BeV SH protein,
a region of adequate length and hydrophobicity to function as a
transmembrane domain was identified between amino acid
residues 6 and 30. No potential sites for the addition of N-
linked carbohydrate were identified.
The TM gene, unique to BeV and J-V, encodes a putative
transmembrane protein of 254 aa. No significant level of amino
acid sequence homology was identified between the TM
protein and proteins in GenBank. The BeV TM protein only
shares a 35% sequence identity with the J-V TM protein.
However, the hydrophobicity profiles of the two TM proteins
are very similar, showing highly hydrophobic putative trans-
membrane domains from aa 58 to 80 (data not shown). Theputative TM protein is basic in nature, with a calculated pI of
9.92, again similar to that of the J-V TM protein. Only one
potential N-linked glycosylation site was identified, at N164,
which is predicted to be located in the extracellular domain of
this putative membrane protein. The function of TM is
unknown.
The BeV G gene is the largest among all paramyxoviruses
sequenced to date. In the 5V half of the mRNA, there is an ORF
coding for a 734-aa protein which has sequence identity with
and structural features similar to attachment proteins of other
Paramyxovirinae members. The 734-aa G protein is the largest
paramyxovirus attachment protein sequenced to date, the next
largest being that of J-V (709 aa). Sequence alignment
indicated that the increase in size is mainly due to the extension
of the C-terminal region of the protein. When the C-terminus
(aa 549–734) is excluded from sequence alignment, the BeV G
protein has a sequence identity of 54% to J-V G, 35% to FDLV
G, 29% to SeV HN, 24% to TPMV G and 22% to NiV G,
respectively.
As shown in Table 1, the BeV G gene has an extraordinarily
long 2284-nt putative 3VUTR. ORF search indicated that there
are two additional ORFs of significant size encoded in this
region (Fig. 3A). ORF-X1 is present in the same reading frame
as that of the ORF-G and is separated by a single stop codon
Table 1
Comparison of gene and protein features of BeV and J-V
Gene mRNA (nt) Deduced protein
Length 5VUTR ORF 3VUTR Size (aa) Calculated MW in dalton
and pI (in parenthesis)
N BeV 1708 46 1569 93 522 58,091 (5.52)
J-V 1696 46 1569 81 522 58,374 (6.15)
P/V/C (P)a BeV 1678 81 1491 106 496 53,604 (4.78)
J-V 1660 75 1500 85 499 53,675 (4.51)
P/V/C (C)a BeV 1678 100 483 1095 160 18,440 (11.06)
J-V 1660 118 459 1083 152 17,715 (10.17)
P/V/C (V)a BeV 1679 81 879 719 292 31,906 (5.35)
J-V 1661 75 879 707 292 31,274 (5.49)
P/V/C (W)a BeV 1680 81 942 657 313 34,460 (8.99)
J-V 1662 75 933 654 310 33,742 (6.83)
M BeV 1310 14 1023 273 340 37,439 (9.29)
J-V 1214 14 1023 177 340 37,693 (9.140)
F BeV 1833 78 1635 120 544 58,982 (6.55)
J-V 1750 66 1635 49 544 59,474 (6.10)
SH BeV 358 79 231 48 76 9056 (5.59)
J-V 366 83 210 73 69 7665 (8.87)
TM BeV 1017 113 765 139 254 28,130 (9.92)
J-V 996 104 777 115 258 29,097 (10.03)
G BeV 4527 38 2205 2284 734 81,436 (6.38)
J-V 4401 53 2130 2218 709 78,135 (5.60)
L BeV 6677 74 6519 84 2172 249,970 (7.53)
J-V 6759 68 6615 76 2204 254,458 (7.29)
a The P/V/C gene of BeV potentially codes for four proteins by use of alternative reading frames and co-transcriptional mRNA editing.
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(assuming translation starts at the first in-frame ATG codon).
Downstream from ORF-X1, there is another ORF (ORF-X2) in
a different reading frame which overlaps with ORF-X1 by 31
nt. The putative start codon for ORF-X2 has an optimal Kozak
sequence (AGCATGG) with an A in 3 and a G in +4 position
(see Fig. 3D). Assuming this ATG is used for translational
initiation, the product would be 394 aa in size. Although ORF-Table 2
Gene start and stop signals and intergenic regions (IGR) of BeVa
Genes Gene stop IGR Gene start
BeV /N CTT AGGAGCAAAG
N/P TTAAGAAAAA CTT AGGAACAAGG
P/M TTAAGAAAAA CCT AGGGCCAAGG
M/F CTATAAAAAA CTT AGGAGGACGG
F/SH TCAGAAAAAA CTT AGGGTGAATG
SH/TM CTATAAAAAA CTT AGGGTCAATG
TM/G CTAAGAAAAA CTT AGGGTCAACG
G/L CTAAGAAAAA CTT AGGACTAATG
L/ TTAAGAAAAA CTT
Consensus sequencesb:
BeV YYADRAAAAA CYT AGGRnBAMnG
J-V WWARDAAAAA CTT AGGASnVADK
MoV YWAHRAAAAA CKT AGGRBnMARG
TPMV TTAVRRAAAA CTT AGGRnCMAAG
Henipaviruses TWAHRAAAAA CTT AGGAnMCARG
Morbillivirusesc HHWHDnAAAA CKT AGGRnBMARG
Respirovirusesc DWAHVAAAAA CYY AGGRnnAAHG
a Sequences are represented as cDNA in the antigenome (5V–3V) sense.
b /N and L/ IGR sequences not considered in the derivation of the consensus
IGR sequence, in accordance with Kolakofsky et al. (1998).
c From Kolakofsky et al. (1998).X1 and -X2 are located in the same region of the genome as the
ORF-X in J-V (Jack et al., 2005), there is no significant
sequence homology between the putative X proteins of the two
viruses. The only similarity is their pI values, 5.28 for J-V X
protein, 4.96 for BeV X1 and 5.53 for BeV X2. One other
observation made during the analysis of the amino acid
composition of putative X proteins is the high percentage of
Ser and Thr residues present in these proteins. This was most
prominent for the BeV X1 protein, which contained 30.8% Ser/
Thr in comparison to the average Ser/Thr content of 14.2% for
the rest of BeV proteins. Due to the high Ser/Thr content, a
large number of Ser/Thr-rich proteins in the GenBank display a
significant level of sequence identity (up to 30%) to X1 and X2
proteins. Since most of the matching residues are Ser or Thr,
the significance of this feature is yet to be investigated.
Phylogenetic analysis
Phylogenetic trees were generated by distance matrix
methods from sequence alignments of full-length BeV N, P,
M, F, G and L proteins with cognate proteins of other
Paramyxovirinae. In all trees, BeV and J-V clustered together
and, along with the henipaviruses, MoV and TPMV, were
consistently positioned between the morbillivirus and respir-
ovirus genera. Trees based on the N, P, M and L proteins placed
BeV and J-V between the henipavirus and morbillivirus
clusters and are represented in Fig. 4A by the L protein tree.
In contrast, trees based on the F and attachment proteins
positioned the BeV/J-V cluster between the henipavirus and
respirovirus genera. While the F protein tree still placed BeV
and J-V closest to the henipavirus and morbillivirus clusters,
Fig. 4. Unrooted phylogenetic trees based on complete L protein (A) and attachment protein (B) sequences of selected viruses within the subfamily Paramyxovirinae.
The trees were generated from ClustalW (accurate) protein alignments using distance matrix programs (Protdist and Neighbor) within the PHYLIP software package
and drawn in TreeView. Branch lengths represent relative genetic distances. See Materials and methods for full virus names and database accession numbers.
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proteins are much more closely related to the respirovirus HN
proteins than to either the henipavirus G or the morbillivirus H
proteins (Fig. 4B).
Potential origin of BeV
Although the initial discovery of paramyxovirus-related
cDNA sequences was made in HMCs, subsequent searches by
our group and by others (Basler et al., 2005) have found no
related sequences in HMC from different sources or in human
kidney specimens (data not shown). This prompted us to searchFig. 5. Western blot analysis of total cell lysate from different cell lines. Lane 1:
HMC (2004); lane 2: HMC (1999); lane 3: RMC (1998); lane 4: RMC (2003).
The positions of P and V proteins are indicated by the arrows. Molecular
standards: BenchMark pre-stained protein ladder from Invitrogen.for a potential origin of BeV in other cell lines that were present
in the laboratory when the original HMC line was processed.
Among all the lines examined, a rat mesangial cell (RMC) line
prepared in 1998 was the only one that gave positive results.
As shown in Fig. 5, when total cell lysates from two primary
RMC lines (one prepared in 1998 and the other in 2003) and
two HMC lines (one purchased in 1999 and the other in 2004)
were analyzed by Western blot, we found that protein bands
corresponding to the P and V proteins of BeV were detected in
the HMC (1999) and RMC (1998) lines, but not in the HMC
(2004) or RMC (2003) lines. The presence of BeV in the RMC
(1998) line was further confirmed by sequencing five PCR
fragments derived from the N, P, M, F and L genes,
respectively. The RMC-derived sequences were identical to
those from HMC for the N, P and L gene fragments, whereas
the RMC M and F coding regions have one silent mutation
each, C339T for M and G837A for F.
Discussion
During the past few decades, many new paramyxoviruses
have been isolated either from disease outbreaks or surveillance
programs or simply by chance (Wang and Eaton, 2001). Of
special interest are the viruses originating from bats, including
Hendra virus, Nipah virus, Tioman virus and potentially
Menangle virus, some of which not only resulted in spectacular
zoonotic disease outbreaks, but also displayed unique genetic
features not shared by other paramyxoviruses (Wang et al.,
2003). The discovery and characterization of paramyxoviruses
from tree shrews (Tidona et al., 1999) and snakes (Kurath et al.,
2004) further expanded the genome diversity observed among
these viruses. Our recent studies indicated that paramyxo-
viruses from rodents provided other examples of previously
unrecognized genome divergence (Miller et al., 2003; Jack et
al., 2005). This was especially true for J-V, originally isolated
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al., 1977).
Here, we report yet another novel virus with a genome
structure and sequence very different from most known
paramyxoviruses, but similar to that of J-V. Both BeV and J-
V have an exceptionally large genome with eight non-over-
lapping transcription units potentially coding for 11 to 13
different proteins. The major difference between the genomes of
BeV and J-V is the potential coding structure of the G gene 3V
region. For J-V, there is a single large ORF-X located in the
same reading frame (+3) as that of the G ORF and separated
from the G ORF by stop codon TAA. In BeV, the G ORF (also
in reading frame +3) is followed by an ORF (X1) in the same
reading frame separated by stop codon TAG. However, ORF-
X1 terminates much earlier than the J-V ORF-X. There is a third
ORF (X2) present in the +2 reading frame with a potential
translational start site overlapping the TAA stop codon of ORF-
X1. At this stage, it is not known whether ORF-X1 or -X2 is
expressed in vivo. It is interesting to note that the size of the G
genes for these two viruses and their coding capacities are
highly conserved, as are the acidic and Ser/Thr-rich nature of
the putative proteins encoded by the 3V ORFs. On the other
hand, the deduced proteins encoded by these ORFs shared very
limited sequence homology (Table 3).
When the overall amino acid sequence homology of each
putative protein is compared between BeV and J-V (Table 3),
there is an interesting trend evident: the six proteins present in
all paramyxoviruses (N, P, M, F, G and L) display medium to
high homology, whereas the TM, C and SH proteins have low,
but significant homology. The X proteins seem to have little
sequence homology. It is tempting to propose that this
‘‘homology scale’’ is correlated with the functional importance
of each protein in the life cycle of J-V and BeV. Proteins in the
low homology group (TM, C and SH) may be considered as
‘‘non-essential’’ in the sense that they are generally not requiredTable 3
Sequence identity between cognate proteins of BeV and J-V
Protein Sequence identity
(%)
Homology grouping
M 80 High (71–80%)
V-specifica 77
L 73
F 71
W-specifica 51 Medium (41–51%)
N 48
P 47
G 44
Va 45
Wa 41
TM 35 Low (27–35%)
C 32
SH 27
X1b 16 Insignificant (<20%)
X2b 15
a The V and W proteins were compared using both the full-length proteins
and the C-terminal V- or W-specific regions.
b Due to the difference in size, the X1 and X2 proteins were compared with
the first 299 aa and last 394 aa of J-V X, respectively.for the production of infectious virus particles. It is interesting
to note that, despite the lack of significant sequence homology,
these proteins are conserved in size, genome location and
overall molecular features such as pI, presence of a transmem-
brane domain and hydrophobicity profiles. It will be of interest
to determine what effect these proteins have on virus
replication and pathogenesis for J-V and BeV. Investigation
using reverse genetics is currently being conducted in our
group.
The paramyxovirus F protein is a type I glycoprotein
synthesized as an inactive precursor (F0) which is cleaved by a
host protease to form the biologically active disulfide-bonded
F1–F2 subunits (Lamb and Kolakofsky, 2001). The cleavage
site of most paramyxovirus F proteins conforms to the
multibasic consensus R-X-K/R-R motif recognized by the
protease furin. The multibasic nature of the cleavage site has
been shown to correlate with virus virulence for some viruses
(Lamb and Kolakofsky, 2001). HeV and NiV F proteins have a
monobasic cleavage site, processed by an unknown but
ubiquitous protease(s) (Moll et al., 2004). The HeV F protein
has a single K residue, whereas the NiV F protein has a single
R residue at the cleavage site. This amino acid difference at the
cleavage site was believed to be responsible for the difference
observed in the extent of F protein cleavage between these two
viruses; NiV F protein cleavage is close to completion, whereas
approximately 50% of HeV F protein remains uncleaved
(Michalski et al., 2000). In this regard, it is significant to find
that both J-V and BeV F have a monobasic cleavage site and
that J-V F has an R residue similar to NiV F, whereas BeV F
has a K residue resembling HeV F. Studies are currently
underway to examine F cleavage of these two viruses and
determine if any correlation of F cleavage and fusogenic nature
of the two viruses exists.
Prior to the discovery of SH genes in J-V and BeV, the only
members of the Paramyxovirinae known to have SH genes
were the rubulaviruses SV5 and MuV and the avulavirus
APMV6. Although these SH genes lack sequence homology,
their location (downstream of the F gene) and size are similar.
The function of the paramyxovirus SH protein is largely
unknown. Using reverse genetics, it was shown that the SH
gene is not essential for growth of SV5 in cell culture (He et al.,
1998). Recent studies have shown that the SV5 SH protein is
involved in the regulation of apoptosis in MDBK cells (He et
al., 2001; Lin et al., 2003). In contrast to the SH gene, the TM
gene in BeVand J-V does not have an obvious analogue in any
of the other paramyxoviruses sequenced to date. Studies are
being carried out to determine the expression, subcellular
location, virus association and potential function of TM
proteins in these two viruses.
At 19,212 nt, the BeV genome is larger than that of
filoviruses, making it the largest in the order Mononegavir-
ales. This size increase does not affect its abidance with the
rule-of-six, which seems to be universally applied to all
known Paramyxovirinae members, but absent from pneumo-
viruses, filoviruses, rhabodoviruses and borna disease viruses
in the same order. Another feature previously observed for
paramyxoviruses with genomes in excess of 16 kb was the
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proteins, conserved among all NNS viruses, by the GDNE
sequence in HeV, NiV, MoV and TPMV (Wang et al., 2003).
However, J-V and BeV have the GDNQ motif common to
most NNS viruses.
Sequence alignment and phylogenetic analyses clearly
indicate that BeV is most closely related to J-V, and it is
therefore not appropriate to call it henipa-like virus as
previously suggested (Schomacker et al., 2004). Taking into
consideration the unique genome structure and close sequence
relatedness of these two viruses and the fact that phylogenet-
ically they could not be placed within any of the existing
genera in the subfamily Paramyxovirinae, we propose that
these two viruses be classified into a separate genus and
suggest the name Jeilongvirus for the new genus, with J-V as
the type species.
Although the original discovery of the paramyxovirus-
related cDNA sequences was made in a primary HMC line,
subsequent studies conducted in our group by serology and
immunostaining of 52 human kidney specimens revealed no
infection by BeV (data not shown). Similar results were
reported by Basler et al. (2005). The detection of BeV in an
RMC line present in the laboratory before the HMC line was
introduced strongly suggests a rodent origin of BeV. Surveil-
lance studies are being conducted in different rodent popula-
tions to search for the origin of BeV.
Materials and methods
Cell lines and cell culture
The human mesangial cells (HMC) were originally
purchased from Clonetics (San Diego, USA) and were grown
and maintained as previously described (Liang et al., 2003).
Primary cultures of rat mesangial cells (RMC) were grown
from Sprague–Dawley rats (Animal Laboratory of Beijing
Medical University, Beijing) using a standard sequential
sieving technique (Troyer and Kreisberg, 1991). Briefly,
cortical tissue, bathed in Hank’s balanced salt solution
(HBSS) at 4 -C, was minced and sequentially passed through
80, 140 and 220 mesh sieves. The retained glomeruli were
washed with copious amounts of HBSS to remove tubular
fragments, incubated for 3 min at 37 -C with 1.0 mg/ml
collagenase type Ia (Sigma, USA) and centrifuged at 1000
rpm for 5 min at 4 -C to pellet the glomeruli. The pelleted
glomeruli were resuspended in RPMI 1640 medium contain-
ing 25 mM HEPES (pH 7.4), 20% FCS (Gibco BRL, UK),
30 Ag/ml penicillin, 68 Ag/ml streptomycin and 150 Ag/ml
glutamine, plated in 75-cm2 tissue culture flasks (Costar,
Cambridge, USA) and cultured in a humidified 5% CO2
atmosphere at 37 -C.
Production of rabbit antibodies against the N-terminal
fragment of the Angrem 104 cDNA-encoded protein
Before the isolation of BeV, a rabbit antiserum was
produced by the Beijing group against a recombinant proteinfragment encoded by the Angrem 104 cDNA (Liang et al.,
2003). This fragment corresponds to the N-terminal region of
the P protein (Pn). The Pn gene fragment was amplified using
primers 5V-GCGCATATGT CAGAT TATAA TCCTG ATGTC
C-3V and 5V-GACGG ATCCT CAACT GTAGA GGAGT
CCTAG-3V and cloned into expression vector pET-15b (Nova-
gen, Germany). Recombinant Pn protein (His6-tagged) was
produced in E. coli BL21(DE3)pLysS cells and purified using
an Ni-column (Qiagen, Germany) under denaturing conditions
following published protocols provided by the company. The
purified protein was used to immunize New Zealand white
rabbits using published procedures (Wang et al., 1996). Rabbit
antibodies were purified using a Sepharose-4B (Pharmacia,
USA) affinity column containing the His6-Pn linked to the
resin. Resin activation, chemical cross-linking, antibody
binding and elution were carried out using protocols provided
by Pharmacia. Briefly, 1 ml of CnBr-activated Sepharose-4B
resin was mixed with 6 mg purified His6-Pn protein in 0.1 M
NaHCO3 (pH 8.3) and 0.5 M NaCl and incubated at 4 -C
overnight. After cross linking, the resin was washed and
incubated in 0.2 M Glycine (pH 8.0) for 2 h at room
temperature followed by further washing with 0.1 M sodium
acetate (pH 4.0) and 0.5 M NaCl. The resin was packed into a
column, and 10 ml of rabbit antiserum was applied. The
column was washed with 30 ml 0.1 M NaHCO3 (pH 8.3) and
0.5 M NaCl and eluted with 0.1 M Glycine–HCl (pH 2.7)
immediately followed by neutralization with 2 M Tris–HCl
(pH 9.0) to adjust the pH to 7.0.
Virus isolation and characterization
To isolate the putative paramyxovirus in the HMC line,
cells were grown in RPMI 1640 medium for 72 h. After
centrifugation, the supernatant was filtered using a 0.45 Am
filter (Millipore, Ireland). Approximately 106 Vero and BHK
cells were inoculated with 100 Al of the filtered HMC culture
supernatant, and the cells were incubated in EMEM and
DMEM medium, respectively. After 24 h, the cell cultures
were examined at 12-h intervals for formation of syncytia.
The passage in Vero cells was repeated five times, and
samples from each passage were analyzed by PCR and
Western blot. PCR was carried out using primers designed
from the published sequences of Angrem 104 and Angrem 52
(Liang et al., 2003), which correspond to the P, M and F
genes of BeV, respectively. Western blot analysis was done
using the rabbit anti-Pn antibody following published
procedures (Wang et al., 1996). Presence of paramyxovirus
in cultured cells and in culture supernatant was further
investigated by EM as follows. Cells were fixed with 2.5%
(v/v) cacodylate buffered (pH 7.2, 300 mosM/Kg) glutaral-
dehyde (40 min), rinsed in the same buffer (3  20 min),
post-fixed with 1% osmium tetroxide (w/v) in cacodylate
buffer (1 h), rinsed with reverse osmosis water (3  15 min),
dehydrated in graded alcohol (70% to 100%) and embedded
in Spurr’s resin. Sections were cut on a Reichart UltracutE
and double stained with lead citrate and uranyl acetate. For
examination via negative contrast EM, culture supernatant
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copper grids for 5 min. The grids were subsequently stained
with 2% phosphotungstic acid (pH 6.8) for 1 min. Samples
were examined in either a Philips CM120 or Hitachi H7000
transmission electron microscope.
Genome characterization
The complete genome sequence of BeV was characterized
using a combination of strategies as used previously in our
group for the characterization of other paramyxoviruses
(Bowden et al., 2001; Chua et al., 2001; Miller et al.,
2003; Jack et al., 2005). Firstly, cDNA subtraction was
employed to isolate BeV-specific cDNA fragments by
hybridization subtraction with total cDNA isolated from
another paramyxovirus, Porcine rubulavirus. Secondly, se-
quence ‘‘gaps’’ were filled by direct PCR using randomly
primed BeV cDNA and the following primers: (a) BeV-
specific primers designed from known sequences obtained
from cDNA subtraction; (b) degenerate primers designed
from consensus amino acid and nucleotide sequences of the N
and L genes of J virus (Jack et al., 2005), Tupaia
paramyxovirus (Tidona et al., 1999), Mossman virus (Miller
et al., 2003), Hendra virus (Wang et al., 2000; Yu et al.,
1998) and Nipah virus (Harcourt et al., 2001). Finally, two
different RACE strategies as described (Li et al., 2005) were
used to determine the genome terminal sequences. The final
consensus genome sequence was derived from direct se-
quencing of PCR products without cloning. For sequences
initially derived from cloned PCR fragments during cDNA
subtraction, re-sequencing of PCR products covering these
regions was conducted to obtain consensus sequence.
Sequence analysis
Purified PCR products and plasmid DNA were sequenced
using the BigDye Terminator v1.1 Kit and an ABI PRISM 377
DNA Sequencer (both from Applied Biosystems, USA), in
accordance with the manufacturer’s instructions. Sequence data
were routinely managed and processed using the Clone
Manager 7 and Align Plus 5 programs in the Sci Ed Central
software package (Scientific and Educational Software, USA).
Multiple nucleotide sequence alignments were performed using
the Standard Linear scoring matrix, and the Blosum 62 matrix
was used for multiple amino acid sequence alignments.
Sequence similarity searches were conducted using the BLAST
service at the National Center for Biotechnology Information
(NCBI). Phylogenetic analyses were undertaken using pro-
grams available through the BioManager by ANGIS web
interface (http://www.angis.org.au). Protein sequences were
aligned by ClustalW (accurate) (Thompson et al., 1994) with
published sequences from other Paramyxovirinae members and
evolutionary relationships between them estimated using
programs in the PHYLIP software package Version 3.2
(Felsenstein, 1989). Modified data sets were generated by
bootstrap resampling (1000 replicates) using the Seqboot
program, and both modified and unmodified data wereanalyzed by distance matrix (Protdist and Neighbor) programs.
Consensus phylogeny trees were derived using Consense and
drawn using TreeView (Page, 1996).
Database accession numbers
The full-length genome sequence of BeV has been
deposited into GenBank under the accession number
DQ100461. Accession numbers for other sequences used in
this study are listed below. For viruses where a full-length
genome sequence was not available, individual gene sequences
were used and are indicated by the abbreviated gene letter in
parentheses following the accession number. Avian paramy-
xovirus type 6 (APMV6) AY029299; Bovine parainfluenza
virus 3 (bPIV3) AF178654; Bovine respiratory syncytial
virus (bRSV) AF092942; Canine distemper virus (CDV)
AF014953; Cetacean morbillivirus (CMV) strain Dolphin
morbillivirus (DMV) X75961(N), Z47758(P/V/C), Z30087(M),
Z30086(F), Z36978(H); Fer-de-Lance virus (FDLV)
AY141760; Hendra virus (HeV) AF017149; Human parain-
fluenza virus 1 (hPIV1) AF457102; Human parainfluenza virus
2 (hPIV2) X57559; Human parainfluenza virus 3 (hPIV3)
AB012132; Human parainfluenza virus 4a (hPIV4a)
M32982(N), M55975(P/V), D10241(M), D49821(F),
M34033(HN); Human parainfluenza virus 4b (hPIV4b)
M32983(N), M55976 (P/V) D10242(M), D49822(F),
AB006958(HN); Human respiratory syncytial virus (hRSV)
AF013254; J virus (J-V), AY900001; Measles virus (MeV)
AB016162; Menangle virus (MenV) AF326114 (N,P/
V,M,F,HN); Mossman virus (MoV) AY286409; Mumps virus
(MuV) AB040874; Newcastle disease virus (NDV) strain
Beaudette C AF064091(N), X60599(P/V), X04687(M),
X04719(F), X04355(HN), X05399(L); Nipah virus (NiV)
AF212302; Peste-des-petits-ruminants virus (PPRV)
X74443(N), AJ298897(P/V/C), Z47977(M), Z37017(F),
Z81358(H); Phocine distemper virus (PDV) X75717(N),
D10371(P/V/C, M, F, H), Y09630(L); Rinderpest virus (RPV)
Z30697; Salem virus (SalV) AF237881(N,P/V/C); Sendai virus
(SeV) AB005795; Simian virus 5 (SV5) AF052755; Tioman
virus (TiV) AF298895; Tupaia paramyxovirus (TPMV)
AF079780.
Detection of P and V proteins in RMC
Total proteins of two primary RMC lines (one prepared in
1998 and the other in 2003) and two HMC lines (one
purchased in 1999 and the other in 2004) were prepared for
Western blot analysis. Whole cell lysates were prepared in
lysis buffer (50 mM Tris–Cl, pH 8.0; 150 mM NaCl; 1%
Nonidet P-40; 0.1% sodium dodecyl sulfate (SDS); 1%
Triton X-100) containing protease inhibitors (10 Ag/ml
Aprotinin; 10 Ag/ml Pepstatin; 10 Ag/ml Leupeptin; 40 Ag/
ml PMSF). Total protein concentration was determined by
the Bradford assay kit from Bio-Rad (Bio-Rad, USA). Equal
amounts (20 Ag) of total proteins from each sample were
separated by 12% SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) and analyzed by Western blot using previously
Z. Li et al. / Virology 346 (2006) 219–228228published protocols (Wang et al., 1996). Both rabbit anti-Pn
and alkaline phosphatase-conjugated sheep anti-rabbit (Santa
Cruz Biotechnology, USA) antibodies were used at a dilution
of 1:1000.
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